Thermodynamic aspects of the polymorphism of liquid crystals are reviewed to enable a classiflcation to be drawn up on the basis of miscibility criteria in binary systems. Liquid~crystalline modifications are classified as nematic and several types of smectic modifications. Structural investigations so far seem to confirm this scheme. The topology of binary isobaric phase diagrams is examined and the interpretation of intermediate mixed phases discussed. Quantitative thermodynarnic data on solutes in liquid-crystalline phases seem to reflect the degree of order of modiflcation. Transition enthalpies and entropies are reported on and it is concluded that polymorphism of liquid crystals gives opportunity for extending thermodynamic investigations to various mixed phases and their transition processes.
INTRODUCTION
Liquid crystals are states of condensed matter, Using tbe conventional criteria of thermodynamics they are characterized as phases. The term 'liquid crystal' or ~crystalline liquid' refers to phenomenological characteristics. The anisotropy of their properties has been used to distinguish these states from 'normal' isotropic liquids, although many properties show a behaviour typical for liquids. In other cases it is not strictly possible to make a clear ctistinction between this state and the solid state. However, the conventional notation represents weil the mostessential features and functions of these states.
Tbe formation of liquid-crystalline states can be observed in organic one .. component systems within a range of pressure and temperature which is typical for the individual compounds, Adding a secend and further components, the formation of a homogeneaus mixture is frequently observed (mixed liquid crystals, liquid-crystalline mixtun~ or solutions). If the secend component also forms a liquid-crystalline phase, the formation of a complete series of liquid-crystalline mixtures can take place. These systems are called thermotropic liquid crystals.
A large group of liquid-crystalline states comprises the lyotropic liquid crystals which originate from the interaction of an organic component with a solvent which itself does not form liquid-crystalline states. e.g. with water. Liquid-crystalline structures are here generated by a specific interaction with the solvent Typical examples are amphiphile substances capabJe 505 of specific interactions with a certain type of solvent, e.g. soaps, many surfactants and lipids.
In order to discuss the fundamental problems of liquid-crystalline phases a consideration of thermotropic liquid crystals is of wider generality, as the treatment can refer to monocomponent systems. Essential knowledge can then be transferred to lyotropic systems, which will not be considered in this paper. Liquid-crystalline lyotropic systems play some role in the wide field of the chemistry of colloids and interfaces and are of some importance to membranology, particularly in connection with the structure and function of biological membranes. SOME FUNDAMENTAL FACTS* Thermotropic liquid crystals are formed by substances which are composed of molecules displaying a strong anisotropy of shape. This can be found in organic molecules of noncyclic, isocyclic and heterocyclic nature, if the sub-units are arranged suitably in a bond system which gives the molecules the necessary stiffness. Table 1 gives some examples. Combined with this anisotropy of shape there is, normally, a strong anisotropy of polarisability. Further, according to the type of structure, there are electric moments arranged at definite angles to the longitudinal axis of the molecules. These properties are decisive for the intermolecular interaction. Table 1 also shows the characteristic phase behaviour of these compounds. Melting of the solid Ieads to liquid-crystalline states which transform at a higher temperature (clearing point) into the isotropic liquid. Several liquidcrystalline states can occur as polymorphaus modifications. Two main forms of liquid crystals are distinguished, i.e. nematic and smectic liquid crystals. In Figure 1 the most significant features of these structures are represented schematically. The nematic state is characterized by the fact that the longitudinal axes of the molecules are oriented parallel to each other, within a certain range ofthermal fluctuation, and determine in this way a preferential direction (Figure 1 a) . But the molecular positions are distributed at random. In the smectic states the molecules are arranged in layers with their longitudinal axes aligned more or less parallel. It seems that no strong geometrical relation between the molecular axes in adjacent layers exists andin part the layers can be shifted one against the other. The orientation of the molecules can differ in the individual layers; their longitudinal axes can be oriented orthogonal to the layers or tilted against the layer planes (Figure lb) , both without a strong geometrical arrangement of the lateral intermolecular distances. Arrangements of molecules of higher order are k:nown, with hexagonal packing of the longitudinal axes, which again can be oriented either orthogonal or tilted against the layer planes (Figure 1 c, d) .
If the molecules contain asymmetric atoms, the asymmetry of their force fields is transferred into the molecular aggregation In nematic states the preferential direction shows a successive rotation (indicated in Figure 1 e by showing the orientations of plane nematic regions separated by certain distances): a screw axis appears as a new preferential direction perpendicu1ar * F or reviews see references 1-4. Figure I . Schcme of structures of liquid crystals: (a) nematic structure; (b} smeclic structure; (c, d) hexagonal orientation of molecules in smectic layers; (e) twisted nematic structure; (f) twisted smectic structure.
POL YMORPHISM IN LIQUID CR YST ALS
to the longitudinal axes. Such states are characterized. by particular optical
properties, e.g. large optical rotation of light, and are referred to as cholesteric or twisted nematic modifications. In tilted smectic states such a twisting may also occur, arising from a successive rotation of the angles of the long axes to the planes of the layers, progressively advancing from layer to layer
(Figure lf).
The molecular arrangements of the various liquid-crystalline modifications are also responsible for the different optical phenomena of microscopic samples which can be observed in polarized light (textures). Some examples of textures can be seen in Figure 2 The occurrence of liquid crystals in various polymorphic forms has been ascertained in more than 5000 organic compounds 5 • The observation of the textures 6 , mentioned above. gives evidence ofthe number ofliquid-crystalline modifications (degree ofpolymorphism) and the transition temperatures and provides a first indication of the kind of the modifications.
It has been shown that an investigation of the bebaviour of binary systems with components forming liquid-crystalline modifications Ieads to a classification of the liquid-crystalline states 6 • The key to such a classification is the following empirical rule of selective complete miscibility. 'Allliquid-crystalline modifications which exhibit complete miscilibility in binary systems. without contradiction, can be marked with the same symbol'. 'Without contradiction' means that modifications which have the same symbol in no case exhibit complete miscibility with modifications of another symboL This principle may be explained by using the diagrams in 
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given the designation A. Component II has two liquid~rystalline modifications. Because of its complete miscibility with the mesophase A of com . . . ponent I the liquid-crystalline high-temperature form is also given the designation A. The low-temperature form is given the new designation B. Now consider a component Ill which has only one liquid-crystalline modification. Miscibility of this modification with tbe low-temperature form of component li (Figure 3b ) demands that the mesophase of substance III be denoted B. This designation is free of contradiction only if no complete miscibility is found between the modifications A and B, respectively, of the components I and III ( Figure Je) .
A great nurober of liquid-crystalline modifications have been classified in the above manner, leading to eight types of liquid-crystalline states. Besides the nematic modification (N) seven types of smectic states are known at present which are conventionally designated A, B, C, ... G. Observed combinations of the various liquid-crystalline types are summarized in Table 2 , where the modifications are listed from left to right in the sequence in which they form at decreasing temperature from the isotropic state. There are a great number of variants of polymorphism; predominantly the modifications are nematic states. Among the smectic states the A, C, B and E modifications are common, whereas the D> Fand G modifications have been observed rarely. An analysis of Table 2 yields a sequence rule which describes the appearance of modifications with decreasing temperature. The variants listed in Table 2 (the rarely observed variants with modification D, F and G at first are not included) can be derived from the following variant of polymorphism NACBE ( 1) They all omit one or more of the modifications in this variant but a change in the sequence has never been observed. N modifications appear always as high-temperature forms; smectic A modifications are always high-temperature forms with respect to all other smectic modifications; the C modificaions with respect to types B and E; and B modifications with respect to type E. The D modifications have been found in two neighbouring members of a homologaus series only as high-temperature forms with respect to C modifications and as low-temperature forms towards A modifications. The F and G modifications are low-temperature forms with respect to A and C types. Concerning their arrangement with respect to typesBand E adefinite statement cannot yet be made.
This empirical classification of liquid crystals on the basis of the thermodynamic principle of cornplete rniscibility can be compared with the results of structural investigations, which, however, have been performed only with a few substances.
In no case have identical structures been found for modifications belanging to different types. Otherwise the results could be discussed in terms of the schematically simplified representation of Table 2 , since complete miscibility between CH and N as well as C and C* has always been observed. The classification of liquid crystals and the special phenomena of polymorphism shown in Table 2 can be readily interpreted The breakdown of crystalline order at the melting point involves a partial loss of long-range order. At the transition to the isotropic liquid state the residual long-range order disappears. As the nematic states exbibit a lower degree of order than the smectic states, the observed sequence N, S with decreasing temperature is easily understood; furthermore, for the sequence within the smectic modifications (ACBE) the degree of order also seems to be responsible. interactions from substance to substance. They determine the details of the stability criteria. Another imp9rtant question is: Why does the observation of complete miscibility lead to a system of liquid crystals? It is impossible to take the existence of complete miscibility as a comprehensive criterion for a system of classificatio~ either in the isotropic liquid or in the solid state.
In the isotropic liquid state the existence of complete miscibility is a widely occurring feature, so that only a few conclusions on structural or intermolecular details can be drawn from this fact. Here only the investigation of the mixed phases themselves can be the starting point for further work.
On the other band, in the solid state. miscibility is very often limited even in components of equal structure. Small differences in the values of the parameters of intermolecular interaction. such as different size of the molecules, may prevent complete miscibility so that it can scarcely be used as a classifying feature. In liquid crystals, however, the conditions are less restrictive so that the phenomenon of complete miscibility is apparently representative of a relation between equal or similar classes of structures. This can be seen from -- 
TOPOLOGY OF PHASE DIAGRAMS. LIQUID-CRYSTALLINE MIXED PHASES
The topology of heterogeneaus equilibria in binary systems with liquid crystals is determined primarily by the degree of polymorphism of the 513 PAC-38 --4 -D components and by the kind of the variants of polymorphism. At present little but isobaric T-X diagrams are known.
The simplest situation arises in the case of complete miscibility between modifications of the same type. In Figure 4 tbree binary combinations are selected which exhibit the variants
In Figure 4a three regions of homogeneous miscibility between equal Hquidcrystalline types aretobe seen. Note the change in tbis simple type of diagram if component II is replaced by a substance Ill which exhibits no modification C but a modification N instead (Figure 4b ), or by a substance IV with modi . . . fication C only (Figure 4c) . Moreover, the procedure of denoting liquidcrystalline modifications by complete mixed crystal formation; as outlined above, is again illustrated. Starting from component I with the variant of polymorphism ACB we obtain the designation of the liquid~crystalline modifications of the three components II, III and IV.
The sequence of modifications usually ends at the freezing point of a in Figure 6 . Here one succeeds in proving the existence of complete miscibility between the E modification ofl and the low~temperature form of II, whereby the latter is shown to be an E modification. A special feature in the topology of such diagrams occurs when inter .. mediate mixed phases are formed (Figure 8) . The initial designation of such a phase is signalled by the observation of its texture (see above). In this connection it must be added that the textun~ of all mixed phases show the same features as those of the modifications of the components from which they have beenformed. 
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H. SACKMANN this way one may find a complete series of mixed phases between the intermediate mixed phase and one modification of the third component, and thus achieve an unambiguous designation 29 • 31 . In most cases the intermediate mixed phases can be interpreted as stabilized regions of phases which originate from unstable modifications of the pure components (see Figure 10 f Whenever these heterogeneaus equilibria occur within a region which is unstable with respect to the solid, there is (as demonstrated above) a chance of finding these transitions when an appropriate method for suppressing solidification of the substance is applied. On the other band it seems that no remarkable undercooling of transitions between liquid crystals occurs.
In mixtures of enantiomers of optically active compounds, which give rise to the formation of CH and C* modifications, complete miscibility is found, with symmetrical T-X diagrams of the kind which is also known in the solid state (melting diagram). Figure 9 shows two examples. In the equimolar mixtures full compensation occurs. Thesemixtures have the characteristics of nematic phases. Tbis can also be understood on the basis of the structural concept (Figure 1) . Moreover, complete miscibility can always be observed between N and CH, and between C and C* modifications, where the mixed phases possess the character of CH and C* modifications, respectively. With enantiomers of different substances, the concentration at which compensated mixed phases are formed becomes dependent on temperature.
The above considerations are concerned with the topology of the phase diagrams, taking into account the kind of variants of polymorphism, including transitions between modifications in the unstable region. It is of interest to consider this question on the basis of intermolecular parameters by studying the variation of the phase diagrams in a series of homologaus chemical compounds.
Tothis enda series of binary systems is shown in Figure 10 , representing a 518 0.52 dp: 203.0 0.7. 123.2. dp The ratio of the lengths of tbe molecules., component Ijcomponent C", can be taken as a parameter indicating the differences in the intermolecular interaction of the two components of this series. The length of the fully extended form of the molecules has been estimated from molecular models.
In such a way, ratios ranging from 0.52 to 1.2 are obtained and these ratios are indicated at the top of each diagram.
In the first diagram (a) one recognizes two areas of smectic C mixed phases which are separated from each other. Thus it would not be possible here to identify the two C modifications on the basis of the rule of selective complete miscibility. In diagrams (b) and (c~ however, we find a region of uninterrupted miscibility. This behaviour in connection with the course of the transition temperatures (Figure lOg) shows that the phase regions in diagram (a) belang to the same type C. Observation of the texture and further investigatians an miscibility with these camponents verify this assessment. The course af the transition curves between A and C shows that only at low temperatures would it be possible to decide whether the two regions C pass into each other in a homogeneaus way (via a minimum in the transition curves) or via a heterogeneaus area (gap in the range of misci bili ty).
In diagram (b) a minimum can be observed. The difference between the two diagrams (a) and (b) with respect ta the C-A transition corresponds to a significant difference in the ratio of molecular lengths.
A slight difference in this ratio exists between systems (b} and (c). This can also be recognized by the slightly varying characteristic temperatures. In additio~ there appears a small region of nematic mixed phases in diagram C-A sbow the widest deviation from those of ideal mixed crystals for low and high ratios of the lengths of the molecules, i.e. for strongly different interaction of the components. Tbus, in principle tbere appears a possibility for a thermodynamic treatment of the topology of these diagrams. Comprehensive material on transition heats in such homologaus series recently became available 42 and this should lead to an analytical treatment. The summary presented bere on heterogeneaus equilibria in binary systems containing liquid crystals should logically be followed by a representation of the thermodynamic behaviour of mixed phases of liquid~ crystalline states. This, however, has been scarcely investigated. There are several reasons for this, e.g. the difliculty of preparing sufficiently large samples of these substances and the danger of thermal decomposition if the substances are kept for some time in the liquid-crystalline state.
A molecular field treatment of liquid-crystalline mixtures oo the basis of the Maier-Saupe theory of nematics has also been applied for calculating simple phase diagrams (deviations from the ideal behaviour in N-I transition curves) 33 .
Some thermodynamic data have been obtained via gas chromatography since li~uid-crystalline phases have been used for separations for some time 3 4---9 . Nematic phases, but also a few smectic modifications, have been used as stationary phases and the solubility properdes of various organic systems have been investigated. The thermodynamic quantity, which can be derived from the retention volume, is the solute activity coefficient at infinite
More comprehensive material has been gained from variants of higher degree of polymorphism 40 . Figure 11 
CALORIC INVESTIGATIONS OF TIIE POLYMORPH18M OF LIQUID CRYSTALS
The nature ofthe polymorphism ofliquid crystals should be reflected in the properties of the various phases that have been determined up to now 5 . It is therefore important to investigate the temperature dependence of these properties and, in particular, the changes occurring at the phase transitions. Most frequent are caloric investigations which detect the variation of enthalpy. The methods of differential thermal analysis and scanning calori~ metry are far more frequently used than adiabatic calorimeters.
An important question is whether characteristic effects can be detected für transitions involving modifications of the same type, which may be independent of the nature of the substance. This is not unexpected in view of the decrease of order in the sequence smectic-nematic-isotropic. A strongly speCJlic behaviour appears in the transition enthalpy of the A-I and C-I transition and especially in the melting entha1pies; in the latter case, no distinction with respect to the type of liquid-crystalline modification to which the solid is melting can be found.
For the entropies of transition, results which are essentially similar to those shown in Figure 12 are obtained.
The substance-specific variability of the transition behaviour of the liquidcrystalline modifications can best be discussed on the basis of bomologous series. In this way it is possible to study the changes of the properties due to a successive alternation of molecular shape. In many relevant homologous series a given molecular skeleton is extended by an aliphatic chain ( Table 1) , and first the influence of the length of these chains will be discussed. The comparison of different homologaus series will then show the influence of the fundamental skeleton.
Two points of view are needed. They concem the distribution of the variants of polymorphism in homologaus series and the variation of transition properties for each group of transitions in the series with modifications of the same type. First, let us consider the transition temperatures Figure 14 , the decreasing transition temperatures correspond to decreasing values of the transition enthalpy and entropy, with the transition entropy decreasing less strongly than the entha1py.
At this point we may discuss the influence of the molecular skeleton) which differs between thc series of Figures 13 and 14 only by two meihyl 
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groups. This methyl group will disturb the parallel arrangement of the molecular axes. Thus the stability of the A phases of these com pounds should be less than in the non-methylized series .. Accordingly, they have lower clearing poin~ and lower values of transition entropy and enthalpy. With increasing length of the aliphatic chains thls behaviour is modified. Because of the higher clearing temperatures the mobility of the hydrocarbon chains of the non-methylized ester is greater than in the methyHzed ester. With increasing chain length this leads to an altogether less ordered arrangement; the opposite situation is observed in methylized compounds at low clearing temperatures. Here increasing length of the aliphatic chains leads to a somewhat higher degree of order. This might be a first crude explanation for the opposite trend of the Mi and !lS values in the two series. Discussions of this kind suggest the application of molecular-physical methods for investigating the subtleties of the transition processes. Adiabatic calorimetry follows the transition processes in a more accurate way. In some cases pretransformation effects have been observed 4 l. ·H .
Below the transition temperature the molar heat capacity increases strongly and above the transition temperature it decreases. One can suppose that all types of liquid-crystalline transitions show such effects. Their quantitative dete~tion, however, depends on the magnitude of the transition entbalpies, and the purity of the material plays an important role 41 • 43 .
SUNIMARY AND CONCLUSION
In this review on thermodynamic aspects of the polymorphism of hquid crystals it has been shown that a classification of liquid crystals can be developed on the basis of miscibility criteria in binary systems. In this classification of allliquid-crystalline modifications which have been investigated up to now are classified as nematic and seven types of smectic modifications. Their appearance as a function oftemperature is subject to a sequence rule. The structural investigations seem to confirm this classification of liquid crystals.
The topology of binary isobaric phase diagrams (T-X) is primarily determined by the variants of polymorphism., which result from the classification. In the Interpretation of intermediate mixed phases tbe unstable modifications are of particular significance. Selecting suitable components the phase diagrams enable us to make some qualitative statements on molecular contributing factors.
The quantitative thennodynamic data on solutes in liquid-crystalline phases, wirich are obtained by gas~chromatography, reflect the degree of order of the liquid"crystalline modification.
The study of transition enthalpies and transition entropies shows characteristics of the corresponding liquid-crystalline modifications, but also a considerable substance-specific variability. The substance .. specific variability in homologaus series was discussed for selected examples.
Polymorphism of liquid crystals represents an opportunity for extending tbermodynamic investigations to various mixed phases and their transition processes, and to make com parative studies by a proper variation of the individual chemical compounds.
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